1. Introduction {#s0005}
===============

Sequential one-electron reduction of molecular oxygen produces three reactive oxygen species (ROS), superoxide (O~2~^•-^), hydrogen peroxide (H~2~O~2~) and hydroxyl radical (HO^•^) before terminating as water;

In addition to their toxicity, H~2~O~2~, and arguably O~2~^•-^, are considered to be important regulatory molecules [@bib1], [@bib2], [@bib3], [@bib4], [@bib5], [@bib6], [@bib7], [@bib8], [@bib9], [@bib10], [@bib11], [@bib12], [@bib13], [@bib14], [@bib15], [@bib16], [@bib17] necessitating careful regulation of their titers. Superoxide dismutase (SOD) and catalase (Cat) are well known antioxidant enzymes, the former catalyzes the dismutation of superoxide to oxygen and peroxide (Eq. [(2)](#eq0010){ref-type="disp-formula"}) while the latter catalyzes peroxide dismutation to oxygen and water (Eq. [(3)](#eq0015){ref-type="disp-formula"}).

We [@bib18] recently pointed out a number of chemical and biological similarities between ROS produced from oxygen (Eq. [(1)](#eq0005){ref-type="disp-formula"}) and reactive sulfide species (RSS) produced from the one-electron oxidation of hydrogen sulfide (H~2~S). These produce the thiyl radical (HS^•^), hydrogen persulfide (H~2~S~2~) and persulfide radical anion, 'supersulfide' (HS~2~^•-^) before terminating in elemental sulfur (S~2~) which may ultimately cyclize to S~8~ (Eq. [(4)](#eq0020){ref-type="disp-formula"}; note for clarity this is not balanced for H^+^, or S).[1](#fn1){ref-type="fn"}

A number of recent observations directly and anecdotally suggest RSS may play a far greater role in redox biology than previously appreciated. First, oxygen and sulfur have six valence electrons and both exert much of their signaling through interaction with cysteine sulfur (Cys-SH) in regulatory proteins, i.e., Cys-SH peroxidation produces sulfenyls (Cys-SOH) while persulfidation (sulfhydration) produces cysteine persulfides, Cys-S-SH [@bib19], [@bib20], [@bib21], [@bib22]. Not surprisingly, a number of regulatory systems have been shown to be regulated by either H~2~O~2~ or H~2~S~2~ (or H~2~S~n~ where n = 2--5) and the effector responses appear to be identical [@bib20], [@bib21], [@bib22], [@bib23], [@bib24], [@bib25], [@bib26]. However, H~2~S can also reduce protein disulfide bonds and affect enzyme activity [@bib27], which at neutral pH H~2~O cannot. Second, we [@bib28] have shown that many of the methods used to measure ROS that are based on fluorescent probes or amperometric electrodes are also sensitive to RSS and quite often more so. The inability to discriminate between ROS and RSS when using these methods suggests that RSS may be more biologically relevant than previously appreciated. Third, we [@bib29] have also demonstrated that catalase is an effective sulfide/sulfur oxidoreductase that uses oxygen to oxidize both H~2~S and H~2~S~n~. It can also use H~2~O~2~ to oxidize H~2~S and in the absence of oxygen, catalase can generate H~2~S from thiorexodin and NADPH. Fourth, catalase effectively oxidizes the probe dichlorofluorescein (DCF), which is often used to detect ROS. This reaction can further confound studies on ROS production as it will give the appearance of ROS activity when there is none.

However, evolution may provide the most compelling argument for the involvement of RSS in biological systems and the significance of "antioxidant" systems in their regulation. Life began in an anoxic and reducing environment around 3.8 billion years ago (bya) and likely depended upon reducing equivalents, mainly in the form of H~2~S, to provide the energy and catalytic capacity to reduce CO~2~ and generate organic carbon and primitive amino acids, i.e., the "iron-sulfur world" proposed by Wächtershäuser [@bib30]. These conditions generally persisted until the advent of oxidative photosynthesis in cyanobacteria which increased atmospheric oxygen to 0.5--1% and heralded in the "great oxidation event" (GOE) around 2.3 bya [@bib31], [@bib32], [@bib33]. It is thought that in the absence of O~2~ (and, therefore, O~2~^•-^) prior to this period, there was either no need for SOD enzymes to evolve [@bib34], or they acquired importance only after O~2~ became prevalent [@bib35]. However, oxidation of H~2~S concomitant with CO~2~ reduction would have generated RSS, which, in turn, needed to be regulated. It is also possible that other electron acceptors were employed before O~2~ became prevalent. The fact that "antioxidant" enzymes including catalase, SOD, thioredoxin and peroxiredoxin all appear to have evolved long before the GOE [@bib34], [@bib35], [@bib36], [@bib37] suggests that they performed important biochemical functions on substrates other than ROS. We proposed these substrates were RSS [@bib18] and our initial studies on catalase [@bib29] appears to bear this out.

In the present study we further explore the hypothesis that antioxidant enzymes were originally involved in RSS metabolism and that remnants of these activities persist to the present day. Specifically, we show that SOD oxidizes H~2~S to form persulfides. These results suggest that SOD may have contributed to the metabolism of RSS in early forms of life albeit utilizing different electron acceptors and may still function in this regard in extant biological systems where O~2~ is prevalent.

2. Materials and methods {#s0010}
========================

2.1. Chemicals {#s0015}
--------------

SSP4 (3′, 6′-Di(O-thiosalicyl)fluorescein) was purchased from Dojindo molecular Technologies Inc. (Rockville, MD). Sodium di-, tri- and tetrasulfide (Na~2~S~2~, Na~2~S~3~ and Na~2~S~4~). were kindly provided by Dojindo Laboratories. GYY 4137 was generously provided by Matt Whiteman University of Exeter. Sodium sulfide (Na~2~S), potassium polysulfide (K~2~S~2~) and superoxide dismutase (SOD, 3700 units/mg) were obtained from Sigma. Carbon monoxide (CO, 1 mM), carbonyl sulfide (COS, 20 mM) and sulfur dioxide (SO~2~, 1.4 M) solutions were prepared by bubbling pure gases through a sintered glass aerator into buffer for 20--30 min. All other chemicals were purchased from either Sigma-Aldrich (St. Louis, MO) or ThermoFisher Scientific (Grand Island, NY).

Phosphate buffer (PBS; in mM): 137 NaCl, 2.7, KCl, 8 Na~2~HPO~4~, 2 NaH~2~PO~4~. pH was adjusted with 10 mM HCl or NaOH to 7.4 (all but pH experiments) or 6.0, 7.0 or 8.0 (pH experiments). HEPES buffer (in mM): 145 NaCl, 3, KCl, 0.57 MgSO~4~·7H~2~O, 2 CaCl~2~·2H~2~O, 5 glucose, 3 HEPES acid, 7 HEPES sodium salt, pH 7.4. The ratio of HEPES acid to sodium salt was adjusted to produce pH 6, 7 or 8 as needed.

2.2. Polysulfide measurement {#s0020}
----------------------------

The polysulfide-specific fluorescent probe, SSP4 was used to measure polysulfides. Samples and test compounds were aliquoted into black 96-well plates in a darkened room and fluorescence was measured in normoxic conditions on a SpectraMax M5e plate reader (Molecular Devices, Sunnyvale, CA). Typically, fluorescence was measured every 10 min over 90 min.

2.3. Hypoxia {#s0025}
------------

The contribution of oxygen to SOD catalysis of sulfur molecules was examined by sparging buffer with 100% N~2~, CO, COS or SO~2~ for 30 min and then placing the sealed buffer in a hypoxia chamber (model 856-HYPO hypoxia chamber, Plas Labs, Inc. Lansing, MI) under 100% N~2~. This lowered the ambient O~2~ to less than 0.35%, which under normal barometric conditions (\~747 ± 2 mmHg) produced an O~2~ concentration less than 3.8 μM. Dry chemicals were stored in the chamber prior to use. The compounds of interest were then dissolved in the buffer, and placed in the well plates, covered, and allowed to react for 90 min, the same period as samples in normoxia. The plates were then removed from the chamber and fluorescence measured for an additional 90 min. Time 0 fluorescence was assumed to represent 90 min incubation in hypoxia. A parafilm liner was placed inside the plate cover to help reduce diffusion of gases.

2.4. Amperometric measurement of O~2~, H~2~O~2~ and H~2~S {#s0030}
---------------------------------------------------------

Amperometric O~2~ and H~2~O~2~ sensors, ISO-OXY-2 and ISO-HPO-2, respectively, were purchased from WPI (World Precision Instruments, Sarasota, FL). They are designed for tissue culture with 2 mm dia replaceable membrane sleeves and a reported detection limit of 0.1% (ISO-OXY-2) and \< 100 nM (ISO-HPO-2). It should be noted that the ISO-HPO-2H~2~O~2~ sensor cannot be used when H~2~S is present as it is \>24 times more sensitive to H~2~S than it is to H~2~O~2~ [@bib28].

H~2~S amperometric sensors with a sensitivity of 14 nM H~2~S gas (\~100 nM total sulfide) were constructed in-house as described previously [@bib38]. The sensors were connected to a WPI TBR 4100 Free Radical Analyzer and data was archived on a laptop PC with software provided by the manufacturer and exported into Microsoft Excel. The H~2~S sensor was calibrated periodically throughout each day with fresh standards made up in anoxic phosphate buffer (pH 7.4). The H~2~S sensor does not respond to polysulfides or other oxidized forms of sulfur.

A reaction chamber with a side ports for the H~2~S and O~2~ sensors and a 1-cm wide by 2 cm deep central well was purchased from WPI (NOCHM-4). A polycarbonate stopper with a hole in the stopper permitted venting the head space air when the stopper was lowered into the chamber and provided an access port for sample injection with a Hamilton microliter syringe. The chamber was placed on a magnetic stirrer and stirred with a Teflon micro stir bar. Compounds of interest were injected through the stopper and the reactions monitored for 10--30 min or longer if necessary.

2.5. Mass spectrometry confirmation of polysulfide formation by superoxide dismutase {#s0035}
------------------------------------------------------------------------------------

Ultrahigh performance liquid chromatography, tandem mass spectrometry (UPLC-MS/MS) detection was used to further identify and quantify the polysulfides formed from the reaction of SOD with H~2~S. Polysulfide formation at each time point was captured using the derivatisation agent iodoacetamide (IAM) which also facilitated detection by UPLC-MS/MS.

The derivatised polysulfide compositions were analyzed by UPLC-MS/MS on a Waters Aquity UPLC system with a Xevo TQ-S detector. Solvent A was H~2~O + 5 mM ammonium acetate; solvent B was 95% acetonitrile + 5% H~2~O + 5 mM ammonium acetate. An Aquity UPLC CSH C18 (1.7 µm), 2.1 × 100 mm column was used for the separation with the gradient used described in [Table 1](#s0125){ref-type="sec"}, the injection volume was 5 μl and the multiple reaction monitoring conditions used are listed in [Table 2](#s0125){ref-type="sec"}.

Pure sodium tetrasulfide was used to quantify the polysulfides. In order to do so a known amount of tetrasulfide powder was weighed out and derivatised with an excess of IAM in pH 7.4 ammonium phosphate buffer. During this process the tetrasulfide speciates, forming hydrosulfide, disulfide, trisulfide, tetrasulfide and pentasulfide. The proportion of each of these species is taken as the concentration of that species in proportion to the initial tetrasulfide that was weighed out. For example, if the initial concentration of tetrasulfide would be 100  μM, and the peak for trisulfide represents 10% of the total peak areas for all of the polysulfide species seen then the concentration of trisulfide would be taken as 10  μM.

Three separate conditions were used, 1) 1 μM SOD + 1 mM H~2~S (Na~2~S) in normoxia; 2) 1 μM SOD + 1 mM H~2~S in hypoxia (150 min) followed by normoxia; 3) 1 mM H~2~S without SOD in normoxia. All reaction mixtures were made up in pH 7.4 ammonium phosphate buffer. Between 0 and 90 min a 50 μl aliquot of each reaction mixture was taken and added to 50 μl 100 mM IAM and mixed. Two additional time points for each set of conditions were also taken at 150 min and 180 min (condition 1). A rough standard curve was produced using pure sodium tetrasulfide salt (Na~2~S~4~) derivatized with excess IAM.

2.6. Data analysis {#s0040}
------------------

Data was analyzed and graphed using QuatroPro (Corel Corporation, Ottawa Ont, Canada) and SigmaPlot 13.0 (Systat Software, Inc., San Jose, CA). Statistical significance was determined using one-way ANOVA and the Holm-Sidak test (SigmaPlot 13.0). Results are given as mean + or ± SE; significance was assumed when *p ≤ 0.05*.

3. Results {#s0045}
==========

3.1. Amperometric measurements of H~2~S consumption ([Fig. 1](#f0005){ref-type="fig"}A-C) {#s0050}
-----------------------------------------------------------------------------------------

H~2~S concentration was monitored in real time amperometrically to identify interactions of SOD with H~2~S. Aerobic addition of SOD to 10 μM H~2~S produced a rapid decrease in H~2~S that was proportional to the SOD concentration ([Fig. 1](#f0005){ref-type="fig"}A); 1, 3 and 10 μM SOD significantly decreased H~2~S by 0.17 ± 0.02, 0.35 ± 0.02 and 1.01 ± 0.5 μM H~2~S, respectively (*p \< 0.001*, n = 3 for all). H~2~S concentration decreased at a slow and steady rate in the absence of SOD (32.1 ± 2.6% decrease; n = 9) and significantly (*p = 0.014*) faster in the presence of 3 μM SOD (43.4 ± 3.45 decrease, n = 7) after the initial rapid effect.Fig. 1Amperometric traces of H~2~S metabolism (**A**-**C**) and fluorometric measurement of polysulfide production (SSP4 fluorescence) from SOD metabolism of H~2~S (**D**-**I**). (**A**) Traces showing the effects of increasing SOD concentration on 10 μM H~2~S. Addition of SOD (arrows) produces a rapid drop in H~2~S that becomes more pronounced at higher SOD concentrations. (**B**) Decrease in 10 μM H~2~S with or without 3 μM SOD for 150 min (**C**) H~2~S decreases faster after three consecutive 10 μM H~2~S injections with SOD (black line) than without SOD (gray line). Decrease in H~2~S without SOD in (**A**-**C**) likely due to inherent volatility, H~2~S consumption by sensor and possible unidentified reaction(s) in chamber. (**D**, **E**) polysulfide (SSP4 fluorescence) formation in normoxia from H~2~S in the absence (open symbols) or presence (solid symbols) of 1 μM SOD (**D**, full scale, **E**, expanded scale with 300 μM and 1 mM H~2~S omitted). (**F**, **G**) polysulfide formation in hypoxia (**G**, expanded scale with 300 μM and 1 mM H~2~S omitted). Time 0 min represents sample incubation in 100% N~2~ for 90 min prior to analysis (equivalent to 90 min in normoxia in **D** and **E**). (**H**) Summary of **D** and **F** with SOD after 90 min in normoxia (black bars), 90 min in hypoxia (white bars, t = 0 in plate reader), or 90 min after removal from hypoxia (gray bars). (**I**) summary of **D** and **F** without SOD after 90 min in normoxia (black bars) or hypoxia (white bars). SOD concentration-dependently increased SSP4 fluorescence between 100 μM and 1 mM H~2~S, whereas at 3 mM H~2~S fluorescence was inhibited, no inhibition was observed when SOD was absent. Time 0 min samples in normoxia and hypoxia were essentially similar indicating no appreciable polysulfide production after 90 min in hypoxia. All fluorescence values are mean +SE, *n* = 4 replicates).Fig. 1

The rate of SOD-mediated H~2~S oxidation has been reported to increase as much as 600 fold after 1 h [@bib39] (see also Discussion). Although H~2~S concentration slowly decreases over time in our chamber we were able to examine this reaction using the amperometric sensor to track H~2~S concentration in real-time for up to 250 min under our experimental conditions. As shown in [Fig. 1](#f0005){ref-type="fig"}B, when 3 μM SOD was added to 10 μM H~2~S there was a monoexponential decline in H~2~S concentration for 150 min with an overall rate constant of 0.62 h^−1^ (curve-fit, *p \< 0.001*). Because it is possible that sufficient H~2~S was consumed in this reaction we then repeated this experiment with two additional 10 μM H~2~S doses after the initial 10 μM H~2~S-3 μM SOD reaction ([Fig. 1](#f0005){ref-type="fig"}C). Again, there was no obvious indication of an increased rate of metabolism over the 250 min experimental period; the rate constants for the three H~2~S treatments were 0.72, 0.73 and 0.76 h^−1^ (curve-fit *p \< 0.001* for all). Rate constants for H~2~S in the absence of SOD ([Fig. 1](#f0005){ref-type="fig"}B,C) were correspondingly lower; single H~2~S, 0.43 h^−1^; and three consecutive H~2~S, 0.48, 0.43, 0.46 h^−1^. These experiments show that SOD accelerates the rate of H~2~S disappearance and there is no obvious further increase in rate over 4 h.

3.2. Evidence for polysulfide formation by SOD metabolism of H~2~S ([Fig. 1](#f0005){ref-type="fig"}D-I, [Fig. 2](#f0010){ref-type="fig"}A-C) {#s0055}
---------------------------------------------------------------------------------------------------------------------------------------------

We then used the polysulfide-specific fluorescent probe SSP4 to determine if polysulfides were formed by SOD metabolism of H~2~S. As shown in [Fig. 1](#f0005){ref-type="fig"}D-F, this was indeed the case, H~2~S from 100 μM to 1 mM concentration-dependently increased SSP4 (polysulfide) fluorescence in normoxia in the presence of 1 μM SOD. However, H~2~S concentrations below 100 μM did not appear to produce PS, and fluorescence was decreased with 3 mM H~2~S. As a control in the absence of SOD, H~2~S concentration-dependently increased SSP4 fluorescence, however, there was no inhibitory effect at 3 mM H~2~S and the maximum fluorescence (polysulfide concentration) produced by 3 mM H~2~S was only 17% of that produced by 1 mM H~2~S in the presence of SOD. The increase in fluorescence from SOD-mediated polysulfide production also appeared to be delayed at the outset and then increase exponentially starting around 20 min; this delay was not evident in the absence of SOD.

The above experiment was then repeated in hypoxia to examine the contribution of oxygen to H~2~S metabolism by SOD. SSP4 fluorescence after 90 min in hypoxia (t = 0 min in [Fig. 1](#f0005){ref-type="fig"}G-I) was unchanged and essentially the same as the initial fluorescence in normoxia (t = 0 min in [Fig. 1](#f0005){ref-type="fig"}D-F). In addition, the SSP4 fluorescence during the ensuing 90 min in normoxia increased in a H~2~S concentration-dependent and SOD-dependent pattern similar to that observed in normoxia over the same period, although the magnitude of increase was considerably less in the hypoxia-treated plates. These studies suggest that O~2~ is required for much of the polysulfide production from H~2~S in the presence of SOD. SSP4 fluorescence in the hypoxia-treated plates during the subsequent 90 min in the plate reader (in normoxia) was less than fluorescence in normoxic plates over the same period, which is likely the result of a delay in O~2~ diffusion into the previously hypoxic wells.

To determine if polysulfides could be produced by proteins without a catalytic core, but with an exposed cysteine, such as albumin [@bib40], we incubated 0, 1, 10, 100 and 1000 μM H~2~S with 0, 1, 10, 100 and 1000 μM albumin and monitored SSP4 fluorescence. Although H~2~S produced a slight increase in SSP4 fluorescence this was not affected by albumin ([Fig. S1](#s0125){ref-type="sec"}). This suggests that a redox reactive cysteine alone is not sufficient to generate polysulfides from H~2~S.

The H~2~S-mediated concentration-dependent increase in polysulfide production after 90 min incubation in normoxia with or without 1 μM SOD (from [Fig. 1](#f0005){ref-type="fig"}D) is shown in [Fig. 2](#f0010){ref-type="fig"}A. The apparent EC~50~ for SOD-mediated polysulfide production at 90 min, assuming 1 mM H~2~S was the maximum (100%) response, was \~380 μM H~2~S. Polysulfide production in the absence of SOD continued to increase with increasing H~2~S, and the EC~50~ was not determined. The relatively sharp peak in SOD-mediated SSP4 fluorescence between 300 μM H~2~S and 3 mM H~2~S was examined further with 250 μM incremental increases in H~2~S. As shown in [Fig. 2](#f0010){ref-type="fig"}B, peak polysulfide production occurred at 750 μM H~2~S and this was nearly thirty-fold greater than polysulfide production with 750 μM H~2~S in the absence of SOD. There was no significant difference in fluorescence between 750 μM and 1 mM H~2~S although 1 mM appeared to be part of a downward trend. Fluorescence sharply and concentration-dependently decreased when H~2~S concentration exceeded 1 mM and complete inhibition was evident by 1.75 mM. The apparent IC~50~ was approximately 1.5 mM H~2~S ([Fig. 2](#f0010){ref-type="fig"}B). There was no H~2~S-dependent inhibition of polysulfide production in the absence of SOD.Fig. 2SOD metabolism of H~2~S and polysulfides. (**A**, **B**) Effects of increasing H~2~S concentration on polysulfide production (SSP4 fluorescence) after 90 min in normoxia with or without 1 μM SOD (values in **A** from [Fig. 1](#f0005){ref-type="fig"}D). Note: log H~2~S scale in **A** and linear, 250 μM H~2~S increments, in **B**. Dashed lines indicate approximate EC~50~ (380 μM H~2~S, **A**) and IC~50~ (1.25 mM H~2~S, **B**). (**C**) SOD concentration-dependently increases polysulfide production. (**D**) Concentration-dependent SSP4 fluorescence from K~2~S~n~ is independent of the absence (open symbols) or presence (solid symbols) of 1 μM SOD in normoxia. (**E**) After 90 min in hypoxia, SSP4 fluorescence produced by K~2~S~n~ alone (-SOD, left panel) is essentially identical to that produced in the presence of 1 μM SOD (+SOD, right panel). All points are mean +SE, *n* = 4 replicates.Fig. 2

Polysulfide production was also dependent on SOD concentration over a range of H~2~S concentrations ([Fig. 2](#f0010){ref-type="fig"}C). SOD from 0.01 to 3 μM concentration-dependently increased polysulfide production at 0.3, 0.75, 1.0 and 3 mM H~2~S. Fluorescence significantly (*p \< 0.05*) increased between 0.1 and 0.3 μM SOD with 300 and 750 μM H~2~S but not with 1 or 3 mM H~2~S. With 1 mM H~2~S fluorescence did not significantly increase until SOD concentration exceeded 0.3 μM and with 3 mM H~2~S fluorescence did not increase until the SOD concentration was 3 μM. There was no significant difference in fluorescence between 750 μM and 1 mM H~2~S at any SOD concentration. These results suggest that the threshold SOD concentration for polysulfide production is around 0.3 μM and they confirm that SOD is inhibited when H~2~S concentration is 3 mM.

3.3. SOD does not metabolize polysulfides (H~2~S~n~; [Fig. 2](#f0010){ref-type="fig"}D,E)) {#s0060}
------------------------------------------------------------------------------------------

We then examined whether or not SOD could also metabolize polysulfides using the mixed polysulfide, K~2~S~n~. As shown in [Fig. 2](#f0010){ref-type="fig"}D, K~2~S~n~ concentration-dependently increased SSP4 fluorescence in both the presence and absence of SOD and this was similar to the effects of carrying out this reaction for 90 min in hypoxia ([Fig. 2](#f0010){ref-type="fig"}E). Therefore, SOD does not appear to metabolize inorganic polysulfides either in the presence or absence of oxygen.

3.4. MS detection of polysulfides ([Fig. 3](#f0015){ref-type="fig"}A-D) {#s0065}
-----------------------------------------------------------------------

Detection of polysulfides with mass spectrometry-based methodology allowed us to then identify specific polysulfides that were produced by SOD metabolism of H~*2*~S as Na~2~S ([Fig. 3](#f0015){ref-type="fig"}A-D). Under normoxic conditions 1 μM SOD increased the rate of production of persulfide (H~2~S~2~) from 1 mM H~2~S ([Fig. 3](#f0015){ref-type="fig"}A). Longer-chain polysulfides, namely H~2~S~3~ and H~2~S~5~ were formed later in the reaction which could have been the result of recombination of H~2~S~2~. Polysulfides were not produced when SOD was incubated with H~2~S in hypoxia (not shown). A small amount of H~2~S~2~ contamination was initially evident in 1 mM Na~2~S in the absence of SOD ([Fig. 3](#f0015){ref-type="fig"}B), but this did not increase over time, and the amount of this background signal was minimal compared to the H~2~S~2~ produced by SOD.Fig. 3Mass spectrometric identification of polysulfides produced by SOD metabolism of Na~2~S (**A**-**E**). (**A**, **B**) Production over extended period from 1 mM Na~2~S under normoxic conditions with (**A**) or without (**B**) 1 μM SOD. (**A**) Persulfide (H~2~S~2~) is predominately produced by SOD, whereas other polysulfides appear later. (**B**) A small amount of persulfide initially appears, likely as a contaminant of Na~2~S, but no additional polysulfide production is evident (note expanded scale in **B**). (**C**-**E**) short-term (5 min) measurements of persulfide production from 1 mM Na~2~S. (**C**) Persulfide is produced from 1 mM Na~2~S and 1 μM SOD within 2 min and is further increased at 5 min. (**D**) SOD concentration-dependently increases persulfide production from1 mM Na~2~S. Note rapid initial rate of persulfide production at elevated SOD concentrations. (**E**) The radical scavenger DMPO (2 mM) does not affect persulfide production by 10 μM SOD and 1 mM Na~2~S. (**F**) Confirmation of the inability of 1--30 mM DMPO to affect polysulfide production (SSP4 fluorescence) by 3 μM SOD metabolism of 750 μM Na~2~S. A-E, *n* = 1, F, mean +SE, *n* = 4.Fig. 3

Persulfide formation was evident within 2 min after addition of 1 μM SOD to 1 mM H~*2*~S ([Fig. 3](#f0015){ref-type="fig"}C). SOD concentration-dependently increased persulfide formation from 1 mM H~2~S ([Fig. 3](#f0015){ref-type="fig"}D) and at 5 and 10 μM SOD there appeared to be a very rapid rate of persulfide production that occurred within the first 10 s (faster than the samples could be processed) followed by a slower, steady rate of production. Both fast and slow processes appeared to be dependent on SOD concentration.

3.5. Effect of DMPO on SOD metabolism of H~2~S ([Fig. 3](#f0015){ref-type="fig"}E,F) {#s0070}
------------------------------------------------------------------------------------

In order to determine if persulfides were produced by SOD-catalyzed one-electron reduction of two H~2~S molecules to form two thiyl radicals which would subsequently combine to form the persulfide, we added the spin trap radical scavenger 5,5-Dimethyl-1-Pyrroline-N-Oxide (DMPO, 2 mM) to 10 μM SOD prior to addition of 1 mM H~2~S and subsequently monitored persulfide formation by mass-spectrometry ([Fig. 3](#f0015){ref-type="fig"}E,F). As shown in [Fig. 3](#f0015){ref-type="fig"}E, DMPO did neither affect rate nor magnitude of persulfide formation. To confirm the inability of DMPO to affect this reaction, we added 1, 3, 10, or 30 mM DMPO to 3 μM SOD and 750 μM Na~2~S and measured polysulfide production with SSP4 ([Fig. 3](#f0015){ref-type="fig"}F). Again, there was no appreciable effect of DMPO. There are number of possible explanations for this, 1) persulfide formation may be achieved without thiyl radical formation via a two-electron oxidation of one H~2~S prior to combining with a second H~2~S molecule, 2) the rate of reaction of two thiyl radicals with one another out competes the reaction with DMPO, or 3) DMPO has limited access to the catalytic site of SOD. Clearly, additional studies are necessary to identify the mechanisms involved.

3.6. Relative importance of dissolved H~2~S or HS^-^ in SOD oxidation ([Fig. 4](#f0020){ref-type="fig"}) {#s0075}
--------------------------------------------------------------------------------------------------------

H~2~S is a weak acid in equilibrium: H~2~S ↔ HS^-^ ↔ S^2-^. The pKa~1~ of this reaction at 20°C is 6.98 and the pKa~2~ is \>12 [@bib41]. Thus, within the physiological range of pH (6.0--8.0) we could adjust the H~2~S gas to hydrosulfide anion (HS^-^) ratio from 10:1 to 1:10, a one hundred-fold difference. Because SOD activity is unaffected over this range of pH [@bib34] this allowed us to determine if dissolved H~2~S or HS^-^ was the preferred substrate for SOD. As shown in [Fig. 4](#f0020){ref-type="fig"}A, the H~2~S concentration-dependent increase in SSP4 fluorescence, indicative of H~2~S oxidation to polysulfides, decreased dramatically as pH was increased from 6 to 8 in PBS buffer. A similar response was observed when the experiment was carried out in HEPES buffer ([Fig. 4](#f0020){ref-type="fig"}B). This effect was not due to a pH effect on SSP4 because SSP4 fluorescence with mixed polysulfides (H~2~S~n~, presumably the end-product of SOD metabolism) in PBS was actually lower (approximately one-third) at pH 6.0 than at either pH 7.0 or 8.0 ([Fig. 4](#f0020){ref-type="fig"}C). This suggests that polysulfide production from H~2~S and SOD at pH 6.0 was likely underestimated. These experiments suggest that SOD preferentially reacts with dissolved H~2~S, not the hydrosulfide anion. It also appeared that as pH increased, which also increased hydrosulfide anion concentration, peak SSP4 fluorescence was progressively shifted to lower H~2~S concentrations and at the highest H~2~S concentrations H~2~S oxidation became more inhibited. This suggests that the hydrosulfide anion directly inhibits SOD oxidation of H~2~S.Fig. 4Relative importance of dissolved H~2~S or HS^-^ anion in SOD oxidation. (**A**) The effects of increasing H~2~S concentration on SOD (1 μM) oxidation and formation of polysulfides (SSP4 fluorescence) was determined at pH 6, 7, and 8 in PBS buffer. As pH increased, polysulfide formation decreased and the maximum fluorescence was progressively shifted to lower H~2~S concentrations. (**B**) Effects of increasing H~2~S concentration on SOD (1 μM) oxidation and formation of polysulfides (SSP4 fluorescence) in HEPES buffer are similar to those in PBS. (**C**) pH-dependence of SSP4 fluorescence with (+) or without (-) 300 μM polysulfides in PBS. Fluorescence of SSP4 plus polysulfides is dramatically decreased at pH 6.0 indicating that polysulfide production from SOD and H~2~S is underestimated at pH 6.0 and that pH has negligible effect on SSP4 alone. All points are mean +SE, *n* = 4 replicates.Fig. 4

3.7. Effect of H~2~O~2~ on SOD oxidation of H~2~S ([Fig. 5](#f0025){ref-type="fig"}) {#s0080}
------------------------------------------------------------------------------------

Because the canonical product of superoxide dismutation by SOD is H~2~O~2~, we first examined if SOD could catalyze the reaction between H~2~S and H~2~O~2~ either with or without O~2~, and this clearly appeared to occur ([Fig. 5](#f0025){ref-type="fig"}). Substantial SSP4 fluorescence was already evident from the combination of 200 μM H~2~O~2~ and 300 μM H~2~S immediately after removing the plate from the hypoxia chamber ([Fig. 5](#f0025){ref-type="fig"}A). This concentration of H~2~O~2~ (200 μM) is roughly equivalent to the concentration of dissolved O~2~ in normoxia at room temperature (\~190 μM assuming an O~2~ solubility coefficient of 1.72 μM l^−1^ mmHg^−1^ [@bib42]). Increasing the H~2~O~2~ concentration to 1 mM and/or increasing the H~2~S concentration to 1 mM did not significantly affect fluorescence, indicating that the maximum yield of polysulfide was produced with 200 μM H~2~O~2~ and 300 μM H~2~S. Although 1 mM H~2~O~2~ plus either 0.3 or 1 mM H~2~S also oxidized SSP4 in the absence of SOD, lower H~2~O~2~ concentrations did not (H~2~O~2~ alone did not affect SSP4 fluorescence). This indicates that the lower concentrations of H~2~O~2~ in the reaction between H~2~O~2~ and H~2~S involve interaction with SOD. SSP4 fluorescence after the plate had been in room air for 90 min ([Fig. 5](#f0025){ref-type="fig"}B) did not increase from the initial t = 0 min immediately after removing the plate from hypoxia confirming that the reaction had gone to completion while in the hypoxia chamber and that H~2~O~2~ was the reactant.Fig. 5Efficacy of H~2~O~2~ as a substrate for SOD metabolism of H~2~S and polysulfide production (SSP4 fluorescence). (**A**, **B**) Comparison of fluorescence produced after 90 min incubation in hypoxia and immediately transferred to plate reader (**A**; 0 min, i.e., immediately after transfer) versus an additional 90 min in air. Fluorescence did not significantly increase after air exposure indicating that oxidation was completed in hypoxia. **C**-**F**) Time-dependent change in fluorescence in normoxia (**C**, **D**) or after 90 min in hypoxia and subsequent transfer to normoxia (**E**, **F**) without (**C**, **E**) or with (**D**, **F**) SOD. H~2~S is effectively oxidized by H~2~O~2~ independent of O~2~ and this is enhanced by SOD. All points are mean +SE, *n* = 4 replicates. (**G**-**H**) Amperometric traces of H~2~S metabolism. (**G**) H~2~S sensor trace showing addition of H~2~O~2~ (μM concentration added in parentheses) to 10 μM H~2~S does not affect the decrease in H~2~S concentration either with or without 3 μM SOD (+SOD or -SOD, respectively). (**H**) H~2~O~2~ sensor trace showing that addition of H~2~O~2~ (concentrations in parentheses) to 10 μM H~2~S produces a concentration-dependent increase in H~2~O~2~ independent of the presence of 3 μM SOD. These traces were recorded simultaneously with those of panel **A**. Also note the H~2~O~2~ sensor is considerably more sensitive to H~2~S than to H~2~O~2~.Fig. 5

We next compared the time-dependent SOD-mediated catalysis of 1 mM H~2~S and variable H~2~O~2~ in the presence and absence of O~2~ to further characterize this reaction ([Fig. 5](#f0025){ref-type="fig"}C-F). Under normoxic conditions, H~2~O~2~ concentration-dependently increased SSP4 fluorescence ([Fig. 5](#f0025){ref-type="fig"}C) but maximal fluorescence was less than half of that in the presence of 1 μM SOD ([Fig. 5](#f0025){ref-type="fig"}D). SSP4 fluorescence increased at a faster rate in the presence of H~2~O~2~, H~2~S and SOD in normoxia ([Fig. 5](#f0025){ref-type="fig"}D) than it did with similar concentrations of H~2~S and SOD in normoxia but without H~2~O~2~ ([Fig. 5](#f0025){ref-type="fig"}D, thick X; also compare to [Fig. 1](#f0005){ref-type="fig"}). For example, with 1 mM H~2~O~2~ fluorescence rapidly increased and was near maximal within 45 min. By 60 min fluorescence had plateaued and at this time it was over seven-fold greater than in the absence of H~2~O~2~. SOD catalyzed polysulfide production with H~2~O~2~ was inhibited at high (3 mM) H~2~S ([Fig. 5](#f0025){ref-type="fig"}A,B) consistent with that observed with 3 mM H~2~S in normoxia without H~2~O~2~ (cf. [Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}).

When samples were incubated in hypoxia for 90 min the initial (t = 0 min) fluorescence was already maximal and it only slightly increased for the subsequent 90 min in normoxia ([Fig. 5](#f0025){ref-type="fig"}E,F). This shows that the reaction between H~2~S and H~2~O~2~ is independent of O~2~. Although polysulfides were produced in the absence of SOD ([Fig. 5](#f0025){ref-type="fig"}E), five times as much production was observed with 300 μM H~2~S and twice as much with 1 mM H~2~S in the presence of 1 μM SOD ([Fig. 5](#f0025){ref-type="fig"}F) showing that SOD readily catalyzes polysulfide formation from H~2~S and H~2~O~2~ without O~2~.

To determine if SOD consumed H~2~O~2~ during metabolism of H~2~S we monitored this reaction in real time with the H~2~S and H~2~O~2~ amperometric sensors ([Fig. 5](#f0025){ref-type="fig"}G,H). We hypothesized that when H~2~O~2~ was added to the H~2~S sensor, in the presence of H~2~S, there would be a noticeable drop in H~2~S concentration with, but not without SOD, and SOD would prevent the increase in H~2~O~2~ response when monitored with the H~2~O~2~ sensor. Consecutive additions of 10, 30 and 100 μM H~2~O~2~ did not affect the rate of 10 μM H~2~S metabolism by 3 μM SOD ([Fig. 5](#f0025){ref-type="fig"}G) indicating that there was no immediate reaction between H~2~S and H~2~O~2~. Using the H~2~O~2~ sensor ([Fig. 5](#f0025){ref-type="fig"}H) it was also evident that addition of 30 μM H~2~O~2~ in the absence or presence of 3 μM SOD produced a similar increase in the recorded voltage (0.059 ± 0.008, n = 4 and 0.051 ± 0.004, n = 5 mV, respectively) as did 100 μM H~2~O~2~ (0.17 ± 0.016, n = 4 and 0.17 ± 0.012, n = 5 mV, respectively). Ten μM H~2~O~2~ did not produce a noticeable signal at these settings. These results also indicate that H~2~O~2~ does not directly participate in SOD metabolism of H~2~S, confirming the earlier findings of Searcy et al. [@bib43]. Clearly, the contribution of H~2~O~2~ needs further investigation. In addition, [Fig. 5](#f0025){ref-type="fig"}H clearly shows that the H~2~O~2~ sensor is more sensitive to H~2~S than to H~2~O~2~ (32 fold in these experiments), confirming our previous observations [@bib28].

3.8. Effects of possible electron donors and acceptors on SOD oxidation of H~2~S ([Fig. 6](#f0030){ref-type="fig"}) {#s0085}
-------------------------------------------------------------------------------------------------------------------

Polysulfide production (SSP4 fluorescence) and amperometric measurement of H~2~S was used to determine if possible electron donors/acceptors other than O~2~ or H~2~O~2~ affected SOD oxidation of H~2~S. These compounds were selected because they either could have contributed to RSS metabolism early in evolution, or because of their use in present-day experiments. In the first series of experiments H~2~S (0.75 or 1 mM) was incubated with a variety of equal molar concentrations of possible electron donors/acceptors in the presence or absence of 1 μM SOD and under normoxic and hypoxic conditions to determine if they affected polysulfide production ([Fig. 6](#f0030){ref-type="fig"}A-D). The slow releasing H~2~S donor, GYY4137 (GYY) consistently increased polysulfide formation in all conditions, possibly because it provided a continual source of H~2~S [@bib44] or sulfane sulfur. Nitrate (NO~3-~) increased SSP4 fluorescence when O~2~ was present, whereas fluorescence was decreased with sulfite (SO~3~^2-^), DTT, cysteine (Cys), cystine (CSSC), glutathione (GSH), the sulfur-free reductant tris(2-carboxyethyl)phosphine (TCEP), the mitochondrial H~2~S donor AP-39, and to a lesser extent with Ellman\'s reagent, ethanol and DMSO. Fluorescence was not affected by nitrite (NO~2~^-^), thiosulfate (S~2~O~3~^2-^) or sulfate (SO~4~^2-^). Metabisulfate (S~2~O~5~^2-^) increased SSP4 fluorescence with or without SOD. The inhibition of SOD oxidation of H~2~S by sulfite and metabisulfite in normoxia and hypoxia, suggests that their action is not just due to scavenging O~2~. Oxidized glutathione (GSSG) greatly increased fluorescence in the absence of SOD. Since SSP4 reacts with persulfides as well as polysulfides this observation confirms that the reaction of H~2~S with GSSG produces a persulfide (GSSH) and a free thiol (GSH; [@bib45]). With SOD there was no difference in fluorescence between H~2~S and H~2~S plus GSSG. However, there was a significant (*p \< 0.001*) decrease between GSSG without and with SOD suggesting that GSSG also inhibits SOD-mediated polysulfide production or that there was some GSSG contamination that could also react with SSP4. Alternatively, SOD might compete with GSSG for H~2~S, and when it does the polysulfides produced may affect fluorescence as much as the persulfides made by GSSG alone. In order to determine if 1 mM cysteine, nitrate, nitrite, sulfite or sulfate directly reacted with 10 μM H~2~S in the presence of 3 μM SOD we monitored H~2~S in real-time with the amperometric sensor. As shown in [Fig. 6](#f0030){ref-type="fig"}E, none of these compounds affected the H~2~S response suggesting there is no direct reaction within the 10--30 min time frame of the experiment.Fig. 6Effects of possible electron doors and acceptors on polysulfide production (SSP4 fluorescence) from oxidation of H~2~S with (solid bars) or without (open bars) SOD in normoxia and hypoxia (**A-D**). SOD (1 μM), H~2~S (1 mM) and 1 mM sodium salts of nitrite (NO~2~), nitrate (NO~3~), thiosulfate (S~2~O~3~), sulfite (SO~3~), sulfate (SO~4~), metabisulfate (S~2~O~5~) and 1 mM dithiothreitol (DTT) and GYY 4137 (GYY), (C control, no H~2~S **A**-**C**) were incubated for 90 min in normoxia (**A**), 90 in in hypoxia and examined immediately (**B**) or 90 min hypoxia followed by 90 min normoxia in a covered plate (**C**). **D**) 0.75 mM cysteine (Cys), cystine (CSSC), oxidized glutathione (GSSG), glutathione (GSH), the non-sulfur reductant, tris(2-carboxyethyl)phosphine, (TCEP), a mitochondria-targeted H~2~S donor (AP-39), Ellman\'s reagent (Ellman), ethanol (EtOH) and dimethyl sulfoxide (DMSO) were incubated in normoxia with 0.75 mM H~2~S. All points are mean +SE, *n* = 4 replicates; \*, \*\*, and \*\*\*, significantly different from 1 mM H~2~S plus SOD at *p \< 0.5*, *0.01*, or *0.001*, respectively; +++, significantly different from 1 mM H~2~S without SOD at *p \< 0.001*). (**E**) Amperometric trace showing the lack of effect of cysteine (1 mM), nitrite (NO~2~^-^; 1 mM), nitrate (NO~3~^-^1 mM), sulfite (SO~3~^2-^; 1 mM) and sulfate (SO~4~^2-^; 1 mM) on 3 μM SOD metabolism of 10 μM H~2~S.Fig. 6

3.9. H~2~S and polysulfide metabolism by MnSOD ([Fig. 7](#f0035){ref-type="fig"}) {#s0090}
---------------------------------------------------------------------------------

In order to determine if H~*2*~S metabolism was a general property of SODs we examined the effects of manganese SOD (MnSOD) on H~*2*~S metabolism. Our results show that polysulfides (SSP4 fluorescence) were concentration-dependently produced from H~2~S by 1 μM MnSOD ([Fig. 7](#f0035){ref-type="fig"}A), whereas MnSOD did not appear to metabolize K~2~S~n~-type polysulfides ([Fig. 7](#f0035){ref-type="fig"}B). These results suggest that sulfide/sulfur metabolism by MnSOD is similar to that by Cu/ZnSOD.Fig. 7H~2~S and polysulfide (H~2~S~n~) metabolism by 1 μM MnSOD. MnSOD produces polysulfides (SSP4 fluorescence) from H~2~S (**A**) but does not metabolize polysulfides (**B**). Mean +SE, *n* = 4 replicates.Fig. 7

4. Discussion {#s0095}
=============

Superoxide dismutases (SODs) are well-known antioxidant enzymes that catalyze the dismutation of superoxide (O~2~^•-^) to H~2~O~2~ and O~2~ (Eq. [(2)](#eq0010){ref-type="disp-formula"}). Three SODs are present in vertebrates, the mammalian cytosolic and soluble forms use a Cu/Zn center whereas Mn is in the mitochondrial SOD [@bib34]. The present experiments suggest that SOD also metabolizes sulfide and the initial product of this reaction is persulfide (H~2~S~2~). This reaction requires an oxidant such as oxygen, peroxide or sulfane sulfur and appears to utilize H~2~S rather than hydrosulfide anion. The persulfides generated may eventually react with additional sulfane sulfur to form longer-chain polysulfides (H~2~S~n~ where n\>2). These studies support the hypothesis that one, if not the original, function of SOD was in sulfur metabolism in the pre-oxic Earth using an as yet unidentified electron acceptor and that this legacy persists to the present day in utilizing O~2~ or H~2~O~2~ as the electron acceptor.

It is not clear how SOD catalyzes this reaction. One possibility is the general reaction;

This reaction (Eq. [(5)](#eq0025){ref-type="disp-formula"}) is reminiscent of superoxide dismutation (Eq. [(2)](#eq0010){ref-type="disp-formula"}) in reverse and it may proceed through the following steps;

In addition, hydrogen peroxide could be consumed by excess hydrogen sulfide to produce sulfane sulfur, which would react with hydrogen sulfide or polysulfides to extend the polysulfide chain length. This would explain why we did not detect hydrogen peroxide produced by reaction 10 ([Fig. 5](#f0025){ref-type="fig"}).

We did not try to determine if SOD also catalyzed reaction 5 in reverse, although the formation of persulfide, which can readily occur by the combination of 2 thiyl radicals, would decrease the probability of this occurring. Liochev and Fridovich [@bib46] measured the reduction of tetranitromethane by O~2~^•-^ and observed that the superoxide dismutase reaction could also be reversed under these conditions. However, the rate constant they obtained was so slow that the authors concluded that there would be little if any significant amount of O~2~^•-^ production.

In an earlier study Searcy [@bib39] showed that Cu,Zn SOD utilized O~2~ to oxidize H~2~S with a 1:1 O~2~:H~2~S ratio. In "dilute" solutions (0.01 μM SOD, 280 μM O~2~, 500 µm H~2~S), the reaction, which was monitored by O~2~ consumption, appeared to accelerate (i.e., an "augmented" reaction) such that after 1 h the rate of H~2~S oxidation was 600 times faster than the initial rate. With 10 μM SOD, however, the reaction progressively decreased. When this reaction was monitored by H~2~S absorbance, the SOD threshold was 0.01 μM but the rate did not increase in proportion to SOD concentration until SOD exceeded 1 μM (3 μM). Sulfane sulfur (S^0^) and H~2~O~2~ were produced by this reaction. The "augmented" reaction was not affected by azide (10 mM), benzoate (25 mM), formate (50 mM) or catalase (50 nM) but it was completely inhibited by the radical spin-trap *N-tert-*butyl-α-phenylnitrone (PBN, 50 mM) suggesting a radical was involved in the "augmented" reaction. However the authors could not detect any paramagnetic resonance after 1 h, and according to the authors the PBN results were "still open to interpretation". Cyanide (10 mM) completely inhibited the initial reaction but only partially inhibited the "augmented" reaction suggesting that it was to some extent non-enzymatic. The augmented reaction could be sustained if stored for 23 h in anoxia but not in normoxia. H~2~S (500 μM) and H~2~O~2~ were equally consumed (approximately by half) with or without SOD indicating that SOD is not a peroxidase. In a related study Searcy et al. [@bib43] showed that hydrosulfide anion (HS^-^), not dissolved H~2~S, was responsible for the SOD catalyzed reaction between H~2~S and superoxide and proposed that the reaction with O~2~ was;but that the initial reaction produced a sulfhydryl radical (HS^•^) and reduced SOD Cu(II) which then combined with another HS^-^ to produce a H~2~S~2~^•^ radical that then reduced a second Cu(II). They also suggested that the reaction with H~2~S was saturable.

Our studies confirm those of Searcy [@bib39] and Searcy et al. [@bib43] in that SOD catalyzes the oxidation of H~2~S and forms polysulfides, but our results and conclusions also differ in a number of respects. First, we observed that the reaction appeared to have two components, an initial fast reaction followed by a slower one. We did not find any evidence for an augmented reaction or evidence of the ability of the spin-trap DMPO to affect the rate of persulfide production ([Fig. 3](#f0015){ref-type="fig"}E, F). Second, our study suggests that dissolved H~2~S, not HS^-^, reacts with SOD, whereas HS^-^ inhibits the reaction ([Fig. 4](#f0020){ref-type="fig"}). Third, we found that H~2~S~2~, but not H~2~S~3~ or H~2~S~4~ was the initial product suggesting that this is derived from the reaction of two thiyl radicals ([Fig. 1](#f0005){ref-type="fig"}, [Fig. 2](#f0010){ref-type="fig"}), although other reaction mechanisms are also possible (see below). If the reaction generates S^0^ as proposed by Searcy [@bib39] and Searcy et al. [@bib43], this either proceeds slowly or occurs concomitant with H~2~S~2~ production. Fourth, we did not see an increase in H~2~O~2~ production with the H~2~O~2~ electrode during the reaction ([Fig. 5](#f0025){ref-type="fig"}), although it is possible that we could have overlooked this due to the electrode\'s greater sensitivity for H~2~S than H~2~O~2~.

The ability to change the ratio of dissolved H~2~S to hydrosulfide anion (HS-) one hundred-fold, from 10:1 to 1:10 between pH 6 and 8, afforded us the opportunity to examine reaction of SOD with these two forms of sulfide. Our results indicate that dissolved H~2~S appears to be the preferred the substrate. Although HS^-^ would seem to be the more likely candidate for this reaction (and may well be involved in Eq. [(6)](#eq0030){ref-type="disp-formula"}, following initial metal complexation of H~2~S and subsequent internal electron transfer reaction to produce a thiyl radical formally bound to Cu^+^) it paradoxically appears to inhibit SOD, at least at higher concentrations. The reason(s) for this is (are) not evident. Clearly, the pH sensitivity of fluorescent SSP4 cannot account for this discrepancy as SSP4 fluorescence is decreased at pH 6, not increased. HS^-^ could inhibit SOD if it forms a relatively stable bond with the SOD Cu. The apparent preference for H~2~S at pH 6 would then be the indirect result of less SOD inhibition due to lower relative concentration of HS^-^. HS^-^ binding to zinc may also be inhibitory. Regardless, further studies are necessary to resolve this issue.

It is also possible that sulfide inhibition of SOD or even polysulfide formation occurs, not at the catalytic Cu site but through interaction with SOD cysteines. Cu/Zn SOD monomers have four cysteines, Cys6, Cys57, Cys111 and Cys146. Cys6 is buried within the protein and relatively unreactive, Cys57 and Cys 146 form an intramolecular disulfide bridge important for the high structural stability of the protein, and Cys111 is a free "reactive" cysteine with a low pK~a~ that renders it susceptible to oxidation. Cys111 from adjacent monomers forms a heptasulfane bridge that can be cleaved by thiols and reformed by elemental sulfur [@bib47]. It is possible that the polysulfane bridge that forms involving Cys111 contributes to persulfide formation via sulfhydryl-disulfide exchange reactions. This may require elevated H~2~S concentrations and could account for our observed 0.3 μM H~2~S threshold. If this does indeed occur it appears to be a specific property of SOD because a free thiol, such as that found in albumin [@bib40] is not sufficient to generate polysulfides on its own ([Fig. S1](#s0125){ref-type="sec"}).

H~2~S has been shown to inhibit O~2~^•-^ dismutation by bovine erythrocyte SOD with an estimated IC~50~ of approximately 10 mM [@bib48], and this inhibition could be partially (20--50%) reversed by dialysis in water for 8--12 h at 4 °C. SOD was also inhibited by SO~3~^2-^(IC~50~ \~18 mM) and SO~4~^2-^ (27% inhibition with 20 mM). Our study shows that under normoxic conditions polysulfide production from H~2~S oxidation by SOD is also inhibited by H~2~S ([Fig. 2](#f0010){ref-type="fig"}) and that the enzyme appears to be nearly tenfold more sensitive to H~2~S (IC~50~ = 1.25 mM) and SO~3~^2-^(essentially complete inhibition at 1 mM), but not affected by SO~4~^2-^([Fig. 2](#f0010){ref-type="fig"}, [Fig. 6](#f0030){ref-type="fig"}). We also observed considerable inhibition by cysteine, cystine, glutathione, the mitochondrial targeted H~2~S donor, AP-39, and by the thiol-dependent reductant DTT and the sulfhydryl-free reductant TCEP. The reaction was unaffected by S~2~O~3~^2-^ or S~2~O~5~^2-^ Collectively, these results suggest that polysulfide production by SOD oxidation of H~2~S is regulated by a number of H~2~S metabolites including H~2~S itself and that this is more in tune to the sulfur moiety than it is to their redox properties which suggests their target is SOD cysteines, not the reactive Cu/Zn motif. This is supported by our observation that neither SO~3~^2-^, SO~4~^2-^, NO~2~^-^ nor NO~3~^-^ directly affect H~2~S concentration in the presence of SOD when H~2~S is measured amperometrically.

5. Biological relevance {#s0100}
=======================

As described in the introduction, the efficacy of polysulfides as signaling molecules is now well established. In a series of seminal studies Kimura\'s group identified specific polysulfides produced enzymatically from 3-mercaptopyruvate (3-MP) and by direct reaction with nitric oxide (NO). In COS cells or murine neurons 3-mercaptopyruvate sulfurtransferase (3-MST) catalyzed formation of H~2~S~3~ and H~2~S from 3-MP in a 10:1 ratio, with little production of either H~2~S~2~ or H~2~S~5~ [@bib49]. They also observed that H~2~S~3~ could be produced from H~2~S by either 3-MST or rhodanese, whereas the latter did not metabolize 3-MP. The 3-MST catalyzed production of H~2~S~3~ increased linearly with 3-MP concentration between 400 μM and 1.5 mM, but it did not increase further with 1.75 mM and it was completely inhibited by 2.0 mM. This abrupt inhibition at 2.0 mM 3-MP (as well as the 3-MP concentration) is strikingly similar to our observation of H~2~S inhibition of polysulfide production by SOD ([Fig. 2](#f0010){ref-type="fig"}) but differs in that Cu/ZnSOD catalyzes the formation of H~2~S~2~ not H~2~S~3~. We did not identify the polysulfide(s) produced by MnSOD but it seems resonable to assume that H~2~S~2~ was also the primary product. As 3-MST is found in both the cytosol and mitochondria and Cu/ZnSOD is cytosolic and MnSOD is mitochondrial, this would allow formation of H~2~S~2~ and H~2~S~3~ in both compartments. H~2~S~2~ and H~2~S~3~, are produced, apparently in nearly equal amounts, when H~2~S is added to NO and this has been suggested as another mechanism for polysulfide signaling [@bib50], confirming earlier reports of polysulfide formation by us [@bib51]. This would also increase H~2~S~2~ and H~2~S~3~ independently of either 3-MST or SOD. Although polysulfide-specific fluorophores were used in both studies by Kimura\'s group to demonstrate an increase in cellular polysulfides [@bib49], [@bib50], the resolution was not sufficient to distinguish between a mitochondrial or cytosolic origin. Reactive organic hydroper- and hydropolysulfides may also be generated from cystine by cystathionine β-synthase (CBS) and cystathionine γ-lyase (CSE) in the cytoplasm [@bib52], or possibly in mitochondria after stress-induced increases in CBS and CSE in the latter [@bib53], [@bib54]. This requires additional study.

The biological relevance of H~2~S metabolism by SOD remains to be clarified. We show in buffer solutions that this reaction is dependent on the concentrations of both SOD and H~2~S with a SOD threshold of \~0.3 μM and a H~2~S threshold of \~100 μM. With 1 μM SOD the EC~50~ for H~2~S is 380 μM and maximum polysulfide formation is achieved at \~750 μM H~2~S. Cu/ZnSOD concentration in rat hepatocyte cytosol is 1.36 mg/ml [@bib55] and in human red blood cells it is 7.0 μg/mg protein [@bib56], which is equivalent to 42 and 75 μM, respectively. This is considerably higher than the 1 μM SOD we used and 140--250 times greater than the threshold for H~2~S oxidation in the present experiments. We [@bib38] previously showed that RBC from mammals and sub-mammalian vertebrates rapidly removes H~2~S from plasma or buffer and the present results indicate that RBC SOD could be an effective mediator of this process. Furthermore, H~2~S oxidation by MnSOD in the mitochondrion may be especially significant in dealing with mitochondrial H~2~S. Collectively, our results suggest that SOD is effectively positioned to oxidize H~2~S produced within cells or entering from an external source.

A number of questions remain including the considerable differences between the concentrations of H~2~S we used in this study and those anticipated to exist within the cell which are \< 1 μM [@bib57], [@bib58] and the amount of H~2~S~2~ produced which is relatively low given the initial 1 mM H~2~S concentration. Several factors could account for these discrepancies. First, intracellular H~2~S concentrations are expected, and predicted [@bib59] to be considerably greater in the vicinity of their production, but this information is currently unavailable. Second, SSP4 is relatively insensitive and slow to react. Third, H~2~S is quite volatile [@bib60] and the actual H~2~S concentration during an experiment is likely to be considerably lower than assumed (which may also contribute to the fall in H2S concentration in the absence of SOD in [Fig. 1](#f0005){ref-type="fig"}). Fourth, it is possible (probable) that sulfur moieties, in addition to polysulfides are produced but remain undetected. Clearly, these issues need to be resolved to understand the physiological relevance of H~2~S metabolism by SOD.

We also observed that H~2~S metabolism by SOD is inhibited by H~2~S in excess of 1 mM with an IC~50~ of 1.25 mM H~2~S and complete inhibition at 1.75 mM. This may be attributable to the high \[HS^-^\] at pH 7.4 (cf. [Fig. 4](#f0020){ref-type="fig"}). Although is seems likely that SOD retains functionality, under normal physiological conditions, it may lose its effectiveness when inhibited by exogenous H~2~S; a point to be considered in designing experiments.

6. Perspectives {#s0105}
===============

The physiological relevance of SOD in sulfide metabolism may have its foundations in evolution. Life began in an anoxic and reducing environment around 3.8 bya and these conditions generally persisted until the advent of oxidative photosynthesis in cyanobacteria which increased atmospheric oxygen to 0.5--1% and heralded in the "great oxidation event" (GOE) around 2.3 bya [@bib31], [@bib32], [@bib33]. It is thought that in the absence of O~2~, and, therefore, O~2~^•-^, prior to this period, there was either no need for SOD enzymes to evolve [@bib34] or they acquired importance when O~2~ became prevalent [@bib35]. However, the fact that SODs appear to have evolved well before the GOE [@bib34], [@bib35] suggests that they performed important biochemical functions on substrates other than ROS. The identity of one or more of the putative electron acceptors in these ancient organisms remains to be determined as our studies failed to find a likely candidate from several of the more obvious oxidants. This feature could have been lost over the past 600 million years evolution in oxic environments, however, the observation that H~2~O~2~ can substitute for O~2~ suggests there is some latitude in specificity.

It is also possible that one of these primordial electron acceptors may be more applicable to catalysis by an ancient SOD, such as FeSOD [@bib34] and this remains to be explored. Other variations in SOD catalysts are also known. NiSOD uses electron rich thiolate ligation between Cys2 and Cys6 to adjust the reduction potential instead of an aqua ligand [@bib34]. Although NiSOD appears to be a case of convergent evolution [@bib34], it is an interesting precedent for a more extensive role of sulfur in the ancient world.

The evolutionary pedigree of SOD appears to be shared with another "antioxidant" enzyme, catalase. We recently showed that catalase, which, like SOD, also appeared long before the GOE, is sulfide/sulfur oxido/reductase that can utilize either O~2~ or H~2~O~2~ to oxidize H~2~S, or in the absence of O~2~ regenerate H~2~S from other endogenous sources such as thioredoxin, or even from dithiothreitol [@bib29]. Thus while SOD appears to unidirectionally oxidize H~2~S, catalase can both oxidize H~2~S and recover it depending on environmental circumstances. This could provide an interesting regulatory loop in which under certain circumstances, such as normoxia, H~2~S is oxidized to a polysulfide by both SOD and catalase, whereas in other situations, such as hypoxia, SOD metabolism is inhibited and catalase recovers H~2~S from these or other sources.

Collectively, our findings provide additional support for the hypothesis that the primordial substrates of ancient redox enzymes were sulfur-based, and most likely H~2~S. Our work also suggest that both SOD and catalase may remain biochemical effectors of sulfide/sulfur metabolism in modern-day cells.
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